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In a rapidly changing climate, food security and production require innovations to sustain 
a growing global population. Stem cells are responsible for regulating size and quantity of fruit; 
therefore, understanding the mechanisms behind stem cell regulation in plants can lead to higher 
crop yields. Using Arabidopsis thaliana, our lab examines the function of the protein 
phosphatase family POLTERGEIST (POL and PLL1) in the CLAVATA1 (CLV1) pathway. 
POL negatively regulates CLV1, which in turn negatively regulates WUSCHEL(WUS). WUS is a 
positive regulator of stem cell division stimulating proliferation of stem cells in the shoot 
meristem. We hypothesize that POL activity is regulated by phosphorylation.  Because 
regulation of the CLV1 pathway is critical for plant development, we investigated the effect of 
phosphorylation states on POL function. Utilizing previously constructed coding sequences, we 
generated a substitution in the catalytic domain of POL with either permanently phosphorylated, 
or non-phosphorylatable substitutions in the regulatory domain of POL. This procedure created 
catalytically inactive POL with either phospho-substitutions. The constructs were transformed 
into pol-6 pll1-1/+ plants to check for complementation. Genetic and phenotypic analysis 
determined there was no complementation in catalytically inactive POL with or without the 
phospho-substitutions. CLV1/POL signaling is highly conserved in planta, and understanding 
how this pathway regulates stem cells in a model organism will further our understanding of how 






Stem cells play a crucial role in plant growth and development. Due to their pluripotency, 
the ability to become any cell-type, stem cells have two potential fates. They can either 
differentiate into different cell types, or remain as stem cells with the ability to differentiate later 
(Song et al., 2006). The number of stem cells in plants can easily be identified by fruit size in 
plants like Arabidopsis. More stem cells usually result in larger fruit, or a larger quantity of fruit 
(Gange and Clark, 2010). Because of their part in fruit production, the regulation of stem cells 
can be of great interest to the field of biotechnology in terms of increasing global food supply. 
 The process of stem cell production takes place in meristems that are found throughout 
the plant. Meristems are regions of actively dividing cells where all plant tissue originates (Yu et 
al., 2000). The shoot apical meristem itself consists of three zones; the central zone, the 
organizing center, and the peripheral zone (Soyars et al., 2016). In the central zone, stem cells 
remain undifferentiated. As a plant grows, stem cells begin at the central zone and are displaced 
outwards by division, much like a fountain, to the peripheral zone where they can differentiate 
(Soyars et al., 2016). Stem cell maintenance occurs in the first three layers of the central zone. 
Below these layers lies the organizing center which produces mobile transcription factors that 
move through plasmodesmata. These transcription factors allow stem cells to maintain their 
pluripotency (Kitagawa and Jackson, 2017). The presence of various transcription factors, 
kinases, and phosphatases within the meristem direct stem cell fate.  
The complex regulation of stem cell production and fate in Arabidopsis is controlled by 
the CLAVATA signaling pathway (Gange and Clark, 2007). In this pathway, CLAVATA1 
(CLV1) is a transmembrane receptor-like kinase that is located in the plasma membrane of the 
organizing center cells and is responsible for negatively regulating stem cell development. When 
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acting to inhibit stem cell development, CLV1 is bound by the peptide ligand CLAVATA3 
(CLV3) (Gange and Clark, 2007). CLV3 is produced by stem cells and works with CLV1 to 
inhibit the transcription of WUSCHEL (WUS); exactly how CLV1 signaling operates is still 
unclear (Song et al., 2006). WUS is a transcription factor that is a positive stem cell regulator 
(Gange and Clark, 2007). WUS is able to move through the plasmodesmata of plant cells from 
the organizing center to the central zone above and promote stem cell populations (Yadev et. al, 
2011). WUS is also self-regulating through a negative feedback loop. This self-regulation occurs 
when WUS activates CLV3 production which in turn binds to CLV1 halting WUS transcription 
(Fig. 1) (Brand et al, 2000). 
 Because CLV1, CLV3, and WUS play an important role in regulating the stem cell 
pathway, a mutant in any one of these proteins can lead to severe phenotypes. For example, clv3 
mutants display a larger than normal amount of carpels or fruit (Guo et al., 2015). Plants lacking 
WUS are unable to maintain stem cell populations but are able to initiate stem cell formation at 
random creating a bushy phenotype (Yu et al., 2000).  The proteins in this pathway are highly 
interconnected and dependent on each other meaning any anomaly can detract from standard 
plant development. 
A more recent discovery in the CLV1 pathway are the protein phosphatases 
POLTERGEIST (POL) and POLTERGEIST LIKE-1 (PLL1) (Song and Clark 2005). POL and 
PLL1 are redundant to each other and are expressed in the organizing center (Song and Clark 
2005). These proteins act to inhibit CLV1 signaling and maintain stem cell populations indirectly 
by allowing WUS to be transcribed (Yu et al., 2000). Interestingly, while pol-6 or pll1-1 single 
mutants have no phenotype, a pol-6 pll1-1 genotype is seedling lethal (Song et al. 2016). Due to 
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this seedling lethality, and its role in the CLV1 pathway, the maintenance of POL function is 
important for both plant survival and development.  
 
Internal regulation of POL activity occurs via domains, two of which are catalytic and three 
of which may be regulatory (Sean James, unpublished research). The ISGAS domain, which is 
phosphorylated at four serine substitution sites, is named for its highly conserved “ISGAS” amino 
acid sequence motif (Sean James, unpublished research). The SAPL domain contains seven SAPL 
motifs that act independent of each other, and, as a result, the serine in these motifs falls into one 
of three categories -- phosphorylated, predicted to be phosphorylated, or both (Sean James, 
unpublished research) (Fig. 2). The catalytic domain contains an aspartic acid at position 307 
which, when substituted with glycine, causes the protein to be catalytically inactive (Table 1) (Sean 
James, unpublished research). These domains of POL are highly conserved in species from P. 
patens to O. sativa, to A. thaliana alluding to their potential for widespread application of plant 





Previous research in the Nimchuk lab has investigated the effects of the regulatory and 
catalytic domains separately. Studies have shown that a permanently non-phosphorylatable 
(phospho-mute) version of pol was able to overcome the seedling lethality of a pol-6 pll1-1 plant 
and complement the wild type phenotype (Sean James, unpublished research). Another study 
found that catalytically inactive pol reduces stem cell production which was evident by the loss 
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of fruit (Sean James, unpublished research). To tease apart interactions between phosphorylation 
state and state of catalytic activity, both states must be experimentally manipulated. 
In this project, we have probed the function of POL based on changes in states of 
phosphorylation within a catalytically inactive protein. The effects of phospho-mimetic 
(mimicking permanent phosphorylation) versus phospho-mute pol and how these genes 
contribute to phenotype and plant survival is demonstrated. Within the catalytically inactive 
protein, none of the plants containing phospho-substitutions complemented as seen in the 






 Four plasmids containing mutations in regulatory domains of POL (ISGAS mute, ISGAS 
mimetic, SAPL mute, SAPL mimetic) and a vector containing the D307G mutation in POL 
(CATDEAD) were provided by the Nimchuk lab and transformed into E. coli (Max efficiency 
DH5 alpha™) before the beginning of my project (Table 2). 
Plasmid isolation  
An E. coli colony containing the appropriate plasmid was selected on LB-kanamycin 
plates (kanamycin at 50 µg/mL) and used to start an overnight culture. The colony was added to 
2 mL of selective 2xYT media containing kanamycin (50 µg/mL) and incubated at 37°C with 
shaking overnight.  Plasmid DNA was extracted using a Qiagen extraction protocol and eluted at 
65°C (QIAprep Spin Miniprep Kit). This procedure was followed for each of the four plasmids 
containing mutations in the ISGAS and SAPL domains as well as the plasmid containing the 
D307G mutation in POL. These plasmids represent the starting plasmids for the ligation and 
Gateway (Invitrogen) LR reaction reactions detailed below. 
Some of the constructs and the plasmid containing the D307G mutation in POL went 
through a restriction enzyme digest protocol to ensure the plasmid contained the correct DNA 
insert. Restriction digests (20 µL) contained plasmid DNA (2 µL at 100 ng/µL), 2 µL Thermo 
Fisher 10x FastDigest Buffer, 1 µL FastDigest Bsp-119I, 1 µL FastDigest AdeI and 14 µL H2O. 
Digestions were incubated for 1 hour at 37°C. Following digestion, the samples were analyzed 
on a 1% agarose gel with Orange G Gel red loading dye (4 µL) and electrophoresed at 130 V for 
45 minutes. The gels were imaged using a Syngene Gel Documenter.  Bands corresponding to 
the plasmids of interest were identified on the gel (data not shown). 
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Digests to prepare DNA for cloning were carried out similarly to the restriction enzyme 
digest with the following exceptions. Ten µL of plasmid DNA was used and the reaction was 
incubated for 5 hours at 37°C. For the plasmid containing CATDEAD, one unit of fast alkaline 
phosphatase (Thermofisher) was added 10 minutes before the end of the incubation period to 
ensure the CATDEAD plasmid did not reseal back on itself. The same gel parameters were used 
as in the restriction enzyme digest.  Bands corresponding to plasmid containing the phospho-
substitutions or CATDEAD mutation were excised from the gel. The DNA was extracted from 
the gel using a Zymo gel DNA recovery kit, and eluted using 65°C H2O. Eluted plasmid DNA 
concentrations were measured using a Nanodrop/UV-Vis spectrophotometer.  
 Plasmid construction and transformation 
  Ligation reactions were performed to place the appropriate phospho-substitution insert 
into the CATDEAD vector backbone, generating four new plasmids (Table 2). Ligation reactions 
(20 µL) contained the CATDEAD vector DNA and a 3 M excess of insert DNA. T4 DNA ligase 
(1 µL) and 10xT4 ligase buffer (2 µL) were added to the vectors and insert.  H2O was added to a 
volume of 20 µL and samples were incubated at 16°C overnight. 
Transformations contained 50 µL of E. coli for ligations and LR transformations, and 50 
µL Agro: GV3101 for Agrobacterium (Commercially available from IntactGenomics). 
Transformations were incubated on ice in electro-shock cuvettes for 5 minutes prior to the 
addition of DNA. For the transformation of ligation reaction products 5 µL entry vector DNA 
was used; for transformation of LR ligation reaction products 3 µL Gateway destination vector 
DNA was used (Table 2). For transformation into Agrobacterium, 1 µL Gateway expression 
clone DNA was used. Electroporation was conducted using an Eppendorf electroporator set to 
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1,800 V. After electroporation, 1 mL 2xYT media was added to the cells which were allowed to 
incubate for 1 hour at 37°C for E. coli and 28°C for Agrobacterium. The cells from each 
electroporation were plated on selective plates (LB-kanamycin 50 µg/mL for ligation, LB-
spectinomycin 100 µg/mL for LR, and YEP-rifampin-gentamicin-spectinomycin for 
Agrobacterium) and incubated overnight at 37°C for E. coli and 28°C for Agrobacterium. 
After transformation, the plasmids contained in Agrobacterium or E. coli went through 
extraction then restriction enzyme digestion, and sequencing to ensure proper ligation. For 
sequencing, DNA samples were diluted to 100 ng/µL, and submitted to Eton BioScience for 
Sanger DNA sequencing. Primers flanking the regions of interest were used for sequencing 
(Table 3). The sequence traces were analyzed using LaserGene/DNA Star suite of bioinformatics 
tools (SeqMan NGen®. Version 12.0. DNASTAR. Madison, WI). Plasmids were extracted using 
QIAprep kit and restriction enzyme digestion was performed. 
The entry clone went through LR Recombinase reaction (a part of Gateway cloning) into 
the Gateway destination vector which contained a native promoter for POL, and a gateway 
cassette for cloning (Table 2). This reaction created the Gateway expression clone (Table 2). The 
Gateway expression clones were transformed into E. coli then extracted using QIAprep kit, 
restriction enzyme digestion was performed, and Sanger DNA sequencing was conducted. The 
Gateway expression clones were transformed into Agrobacterium as outlined in the above 
paragraphs. 
Introduction of transgene into plant cells 
 Parental lines of Arabidopsis were selected with BASTA® spray to ensure selection for 
the pll1-1 transgene. pol-6 pll1-1/+ plants were grown in Dangl Special Growth Mix soil with 
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pesticide (7:1 soil: sand) in a Percival Reach-in Chamber at 32% light and 22°C for 24-hour 
continuous growth. The plants were sprayed with BASTA® (1:1000 Finale® and 0.005% Silwet) 
to select for pll1-1/+.  The Agrobacterium, containing the Gateway expression clone, was used 
in modified floral dip method to transform Arabidopsis parental lines (Clough et al., 1998). The 
Agrobacterium containing the Gateway expression clone was grown in 2xYT rifampin-
gentamicin-spectinomycin selective media for 24 hours to high confluence as determined by eye.  
The cells were then harvested at 6,000 rpm in a Sorvall floor centrifuge for 20 minutes at room 
temperature. The supernatant was decanted and the cell pellets were suspended in “rinse 
solution” (0.15 M sucrose, 0.05 % Silwet, and 5 µM acetosyringone). Flowers of Arabidopsis 
were soaked in rinse solution for 7 minutes, patted dry, covered with a plastic dome to retain 
humidity, and left on their side for 24 hours. After 24 hours, the plants were un-domed, set 
upright, and put under light to grow. 
Determination of transgene presence and complementation 
Potentially transformed seeds were sterilized and sown onto Gamborg's-B5 BASAL 
Media with Minimal Organics with hygromycin plates to select transformants (nutrients and 
hygromycin at 50 mg/ µL, media from Sigma Aldrich). Plates were grown under 24-hour 
continuous light. Controls included Col-0 (Wild Type), and pol-6 grown on Gamborg's-B5 
BASAL Media with Minimal Organics plate. On BASTA® selection plates, pol6 pll1-1/+ was 
grown as the positive control, and pol-6 pll1-1 was grown as the negative control. Once plants 
were identified as resistant, they were transplanted to soil. 
Genomic DNA extraction followed by genotyping was performed to determine the status 
of the pll1-1/+ transgene. The genomic DNA extraction protocol was as follows.  Leaf tissue 
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was ground in 300 µL Edwards buffer with sodium dodecyl sulfate (10%) using a GenoGrider 
for 30 seconds at 1,750 rpm. Samples were pelleted in centrifuge for 9 minutes at 4700 rpm, and 
200 µL of supernatant were transferred to a new tube followed by the addition of 200 µL of 
isopropanol.  The samples were placed in a -20°C freezer overnight. Samples were placed in a 
centrifuge, rinsed with ethanol and allowed to dry as a pellet in a sterile hood. Once dried, the 
samples were suspended in 100 µL TE Buffer. 
PCR to detect the presence of the pll1-1 transgene within the transformant populations 
was conducted. Wild Type (WT) genomic DNA was used as a negative control, and pol-6 pll1-
1/+ T-DNA was used as a positive control. Plants were genotyped using a ProFlex thermocycler. 
PCR reactions were prepared by making a master mix consisting of 6 µL of water, 1 µL of each 
primer (179/212 for PLL1 T-DNA see Table 3 for details), and 10 µL of 2X Apex colorless Taq 
polymerase mix. The PCR reactions were subjected to 40 cycles of DNA denaturation (95°C), 
primer annealing (59°C), and DNA amplification extension (72°C). Samples were incubated 
indefinitely at 4°C until removed.  
Wild Type DNA analysis was conducted similarly to TDNA PCR with the following 
exceptions.  PLL1 WT band was the positive control and no band for PLL transgene was the 
negative control (Table 3). Additionally, the primer annealing temperature was 63°C.This was 
conducted in the second transformant generation of Arabidopsis to ensure no pol-6 pll1-1 plants 
were present. 
All PCR reactions were analyzed on 1% agarose gels, electrophoresed at 130V for 45 
minutes with Orange G gel red loading dye, and imaged using a Syngene gel documenter. The 
percentage of transformant generation with the pll1-1/+ transgene was recorded. 
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Each plant was examined by hand for the presence of terminated carpels/fruits. Where a 
termination occurred, the construct of the plant and the termination was noted. The numerical 
range of fruit terminations per construct (ISGAS mute/mimetic, SAPL mute/mimetic) were later 
compiled (Table 4). 
Materials 
Orange G gel red loading dye (1.5 uL gel red to 1.0 mL Orange G loading buffer) 
 Orange G loading buffer: 15 uL 100% glycerol, 500mg Orange G, 35mL 1x TAE. 
















To determine the role of phosphorylation in a catalytically inactive POL protein, four 
Arabidopsis plant lines with phospho-mutations in the ISGAS or SAPL regulatory regions were 
constructed. Each plant line also contained a mutation in the catalytic domain that eliminated the 
catalytic activity of POL (CATDEAD). 
Four ligation reactions were performed to place the phospho-substitution “insert” into the 
plasmid containing the POL gene with a D307G mutation that is catalytically inactive 
(CATDEAD). The four new plasmids are ISGAS phospho-mute and phospho-mimetic, and 
SAPL phospho-mute and phospho-mimetic as shown in Figure 2. DNA sequencing was used to 
verify each of the constructs.  
Following ligation, the plasmids underwent a Gateway LR recombination reaction 
(Invitrogen). This reaction shuffled the newly created mimetic/mute regulatory domain phospho-
mutations containing a catalytically inactive mutation into the empty destination vector 
containing a POLTERGEIST promoter. This created pMOA34 plasmids containing the POL 
promoter driving the transcription of the catalytically inactive protein with mutations in the 
ISGAS or SAPL regulatory regions and an HA tag (example of SAPL mimetic: 
pMOA34.POLp:SAPL.S>D.307G.HA) 
 To transform Arabidopsis, each plasmid was first transformed into Agrobacterium which 
would deliver the plasmid DNA to the plant cells. Agrobacterium transformants were selected on 
YEP plates containing rifampicin, gentamicin, and spectinomycin as indicated under “Methods”. 
This allowed selection of Agrobacterium (containing rifampicin resistance), the plasmid with the 
gene of interest (containing spectinomycin resistance), and the virulence plasmid (gentamicin 
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resistant). Only the Agrobacterium cells with all three resistance genes can be used for 
transformation of Arabidopsis. This ensures that the Agrobacterium not only has the phospho-
substitution plasmid, but also the plasmid responsible for transformation into Arabidopsis 
germline cells. 
Due to POL double mutant seedling lethality, a heterozygous parent generation 
containing pol-6 pll1-1/+ had to be selected for floral dip transformation of Arabidopsis. 
BASTA® herbicide spray was used to select for the pll1-1 transgene as pol-6 is fixed in the 
population (Fig. 3). Plants that survived after herbicide spray had the genotype pol-6 pll1-1/+. 
This genotype allows for the introduction of pol alleles within the population in order to 
potentially observe complementation in pol-6 pll1-1 plants. 
Seeds from the transformed plants were sterilized and sown onto Gamborg’s B-5 media 
with selection. These plates were examined under a microscope to select for phospho-
mute/mimetic CATDEAD transformants. The transformants appeared much larger than the 
susceptible pol-6 pll1-1 plants growing around them which died shortly after germination in both 





The selected T1 plants were transplanted to soil and allowed to grow to maturity. 
Genomic DNA extraction was performed on young leaf tissues of each plant to verify the 
presence of the pll1-1 transgene. When genotypic analysis was run in both the T1 and T2 
generations for the pll1-1 transgene no homozygous plants for the transgene were detected. 
These plants likely did not survive past the seedling stage. This result demonstrates that unlike 
the catalytically active mute pol-6 pll1-1 plants, the phospho-substitutions in the catalytically 




To verify that the T2 plants were in fact heterozygous for the pll1-1 the presence of the 
WT allele of PLL1 was tested. Of the 396 plants grown, all contained at least one WT allele of 
PLL1. This confirmed that no double mutants were present in the T2 generation because all T2 
plants contained at least one copy of the WT PLL1 allele. 
In conjunction with genotypic analysis, the T1 plants were observed for phenotypes 
related to POL mutations (loss of stem cells seen as fruit loss). All of the T1 plants with a 
phospho-substitution displayed at least one terminated fruit and thus a lower than WT stem cell 
population. This phenotype demonstrates there is no phenotypic complementation in these lines. 
However, the range of termination in each line varied indicating a range of gene expression for 
the phospho-substitutions within the catalytically inactive protein (Table 4).  Because no pol-6 
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pll1-1 plants survived past the seedling stage in the T2 generation, phenotypic data analyzing 
termination of fruit was not gathered. These heterozygous plants would display termination of 






 Previous research has shown a phospho-mute mutation in the ISGAS and SAPL domain 
of WT catalytically active POLTERGEIST (POL) restores the WT phenotype (Sean James, 
unpublished research).  
  The goal of my project was to determine if the ISGAS and SAPL phospho-mute and 
phospho-mimetic mutations could overcome the effects of non-catalytically active POL, and 
allow for the restoration of function of the CLV1 signaling pathway. Four distinct lines of 
phospho-substitutions in the POL regulatory domains within a catalytically inactive POL were 
transformed into Arabidopsis (Table 1). These plants were analyzed for the pol-6 pll1-1/+ 
phenotype (termination of fruit) and genotyped to confirm or deny presence of pol-6 pll1-1 in the 
population. 
Of the 441 plants examined from the T1 and T2 generations, none demonstrated 
complementation. In the WT catalytically active lines, phospho-mute versions of POL were able 
to overcome the seedling lethal phenotype of pol-6 pll1-1. However, in the catalytically inactive 
lines, none of the phospho-mute or phospho-mimetic lines overcame the seedling lethality of the 
pol-6 pll1-1phenotype.  The lack of pol-6 pll1-1 with phospho-mutations in the catalytically 
inactive lines demonstrates that the phosphorylation state of POL is not able to rescue the 
reduction in stem cell population characteristic of the catalytically inactive protein. However, it 
is worth noting that the T1 generation only had 49 individuals in total ranging from 5 to 18 
individuals per line. While this sample size was sufficient to demonstrate a lack of 
complementation, this may not have fully demonstrated the range of fruit terminations possible 
in these lines. 
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The presence of mature plants containing phospho-mute mutations in both the 
catalytically active and catalytically inactive lines indicates that phosphorylation is dispensable 
for POL function. In plants that are unable to be phosphorylated (phospho-mute) the plants are 
able to grow and produce stem cells indicating that POL is able to maintain its function. Because 
CLV1 functions as a kinase, it is conceivable that phosphorylation of POL halts its function. 
Research done on a model genetic plant fits into a larger narrative of food availability and 
security. Stem cells regulate the growth and development of plants including a plant’s ability to 
bear fruit and the size of that fruit. CLAVATA/POLTERGEIST signaling, which regulates stem 
cell populations, is highly conserved in planta. Understanding how this pathway regulates stem 
cells in a model organism may open greater understanding of how to modify varying crop 
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